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We characterize the non-Ohmic portion of the conductivity at temperatures T , 1 K in the highly cor-
related transition metal chalcogenide NiS,Se2. Pressure tuning of the T  0 metal-insulator transition
reveals the influence of the quantum critical point and permits a direct determination of the dynamical
critical exponent z  2.710.320.4. Within the framework of finite temperature scaling, we find that the spatial
correlation length exponent n and the conductivity exponent m differ.
PACS numbers: 71.30.+h, 71.27.+a, 72.80.GaZero temperature phase transitions are fundamentally
different from their finite temperature counterparts. Quan-
tum fluctuations on a time scale set by Planck’s constant
and the characteristic energy of the system inextricably link
the static and dynamic response. In the lexicon of contin-
uous phase transitions, the static critical exponent which
describes a thermodynamic property of a classical system
must be joined in the quantum limit by a new dynamical
exponent.
The metal-insulator transition at zero temperature rep-
resents a particularly difficult limit of the problem. The
T  0 electrical conductivity, s0, changes from zero in
the insulator to a finite value in the metal, but it does not
qualify as a thermodynamic quantity. Nonetheless, scaling
arguments appear to be persuasive in the single electron
limit [1,2]. Strong electron-electron interactions cloud the
theoretical picture [3]. Fundamental questions—the role
played by external electric and magnetic fields, the values
of the static and dynamical exponents, the number of uni-
versality classes—remain unresolved.
The experimental situation for highly correlated materi-
als is complicated by the usual but unfortunate coincidence
between electronic transitions and structural changes that
shroud the critical behavior. An exception to this rule is the
transition-metal chalcogenide NiS22xSex , a Mott-Hubbard
system [4] without a symmetry change at an effectively
continuous T  0 metal-insulator transition [5]. Both
changing stoichiometry x and applying hydrostatic pres-
sure P can tune the transition [6]; the pertinent P-T phase
diagram for x  0.44 is shown in Fig. 1 [7]. Both Se sub-
stitution and applied pressure increase the bandwidth with-
out moving the system away from half filling.
Pressure tuning of the transition yields a critical form
s0  P 2 PcPcm with the conductivity exponent
m  1.1 6 0.2, while temperature scans for T , 0.8 K
very close to Pc find a critical dynamical response s 2
s0  T0.2260.02 [5]. Within the finite-size scaling pic-
ture of quantum phase transitions [8], these results give
zn  4.6 6 0.4, where n characterizes the divergence of0031-90070084(11)2465(4)$15.00the spatial correlation length and the dynamical critical ex-
ponent z relates the temporal and spatial dimensions. In the
case of noninteracting electrons, Wegner scaling [1] asserts
that m  d 2 2n  n for three dimensions d. With in-
teractions present, it is not possible to deconvolute z and
n without additional experimental probes of the system.
In this Letter, we characterize the nonlinear I-V
response of barely metallic NiS1.56Se0.44 at temperatures
below 1 K as P 2 Pc ! 0. With pressure as a tuning
parameter, we are able to assess the impact of the Mott-
Hubbard quantum critical point on the non-Ohmic con-
ductivity. Moreover, from sT ,E, where E is the electric
field, we can determine n and z independently, and we
find thatm ﬁ n. The prevalent assumption that measuring
the critical behavior of s0 reveals the divergent nature
FIG. 1. Pressure-temperature phase diagram for crystals of
NiS1.56Se0.44. The critical pressure for the T  0 metal-
insulator transition is less than 2 kbar. Each kbar of exter-
nal pressure corresponds to a chemical pressure Dx  0.017.
AFI  antiferromagnetic insulator; AFM  antiferromagnetic
metal.© 2000 The American Physical Society 2465
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this highly correlated transition.
Single crystals of NiS22xSex were grown by a new
tellurium flux method, which minimizes excess impurity
concentrations [9]. The amount of Se substitution x is
determined from x-ray diffraction measurements of the lat-
tice parameter using Vegard’s law. Ion microprobe stud-
ies indicate an actual stoichiometry NiS, Se22d, with
d  0.03 6 0.01 across the breadth of a crystal. The
worry that chalcogenide vacancies could provide a par-
allel surface conduction path was explicitly ruled out in
our measurements of the metal by comparing results on
single crystals with different aspect ratios. We performed
nonlinear I-V measurements using square-wave excitation
from a frequency synthesizer detected by a digital lock-in
amplifier. The square wave permits monotonic variation
in the electric field without unnecessary rounding of the
threshold response, while retaining the increased sensitiv-
ity of a finite frequency technique. The nanowatt power
levels at threshold serve to obviate concerns about I2R lat-
tice heating. The errors in the relative values of s and
E are less than 0.01%, but there is an absolute uncer-
tainty of 25% because of the small size of the crystals
0.5 3 0.5 3 3 mm3 and the spread of the silver paint
electrical contacts. The BeCu piston-anvil self-locking
pressure clamp, with silicone oil as the pressure medium
and a chip of V0.99Ti0.012O3 as a manometer [10], was
cycled between T  0.3 and 6 K in a charcoal-pumped
3He cryostat.
We plot in Fig. 2 the raw data: sE for 0.35 # T #
0.8 K at three hydrostatic pressures P. The critical pres-
sure for the metal-insulator transition is Pc  1.51 kbar.
For E , 1024 Vcm the response is Ohmic [11]. At
higher excitations the sample becomes more conducting.
The size of the non-Ohmic contribution Dss rises
rapidly as the metal-insulator transition is approached
from above, tracking the change in s. The dimen-
sionless change in the conductivity grows from 1% at
P 2 PcPc  0.13 to 10% at P 2 PcPc  0.02
over 1.5 decades in E. We note that if the chemical
pressure from the Se substitution is included in Pc, then
the dimensionless distance to the critical point would be a
factor of 20 smaller (see Fig. 1).
At each pressure, the threshold electric field Eth for
the nonlinear I-V response moves to higher E with
increasing T . In the context of finite-size scaling about a
quantum critical point, this trend can be understood as a
crossover from scaling controlled by temperature [5] to
scaling controlled by the electric field. It is qualitatively
consistent as well with IR heating of the electrons.
In fact, in the noninteracting case (e.g., the locali-
zation problem) the electric field is not a scaling vari-
able, and non-Ohmic measurements of low density Si
MOSFETs [12] have been described both within the
scaling paradigm and as heating of the two-dimensional
electron gas [13].2466FIG. 2. Variation of the conductivity s with electric field E
at temperatures 0.35 # T # 0.80 K for a series of pressures
just above Pc  1.51 kbar. The nonlinear response becomes
apparent above a threshold field Eth  1024 Vcm.
By comparing the threshold response at different pres-
sures, we find that simple IR heating of the electron gas is
not compatible with our data. We plot in Fig. 3 the normal-
ized change in conductivity at T  0.35 K for P  1.54,
FIG. 3. The threshold field moves to larger E with increasing
P. Simple IR heating of the electron gas would give Eth inde-
pendent of P. All data are taken at T  0.35 K and the vertical
scale in units of normalized change in s is multiplied by 4 at
P  1.70 kbar. Inset: Rapid increase of the inverse threshold
current I with sample resistivity r as the metal-insulator transi-
tion is approached.
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threshold for non-Ohmicity, while Eth clearly moves down
as the transition at P  1.51 kbar is approached from
above [14]. We highlight in the inset the importance of the
Mott-Hubbard critical point: the inverse of the threshold
current I grows rapidly as the sample resistivity increases
near the transition. Here we have chosen Eth as the lin-
ear extrapolation from the beginning of the rise in Dss
back to the baseline, corresponding to 5% of the total
change in Dss, but any such criterion will provide the
same qualitative result.
Strong electron-electron interactions, as are present for
NiS,Se2, appear to make the electric field a pertinent
scaling variable at the metal-insulator transition. While
the dynamical response is described by T1nz v1nz, the
electric field involves an additional length scale. Hence,
the conductivity should vary as E1nz11 in the quantum
critical regime. Converting sE . Eth to an effective
temperature Teff by knowing sT ,E ! 0 at the same P,
permits a direct measurement of the dynamical exponent
z [15]. The static exponent n cancels in the conversion,
leaving Teff  Ezz11 in the regime where the scaling is
controlled by the electric field length.
We plot in Fig. 4 the effective temperature as a
function of E for P 2 PcPc  0.03. The data for
different real T overlay at large field, as expected, and
demonstrate reasonable power law behavior. Extension
to higher Teff is precluded by concerns over potential
lattice heating. The best fit slope over one decade in
E gives zz 1 1  0.7310.0320.06. Analogous treatments
at P 2 PcPc  0.02 and 0.13 give zz 1 1 
0.7210.0220.06 and 0.7310.0320.06, respectively. The dominant
source of systematic error is the sensitivity to the range of
FIG. 4. Effective electron temperature Teff vs electric field E
at P 2 PcPc  0.03. The data for 0.35 # T # 0.80 K con-
verge in the scaling regime at large E. The slope on this log-log
plot is zz 1 1, where z is the dynamical critical exponent.
The solid line over one decade in E is the best fit slope 0.7310.0320.06.fit. Combining the results at all three pressures yields a
best fit value zz 1 1  0.7310.0220.03, so that z  2.710.320.4.
If one assumes that the conductivity and spatial correla-
tion length exponents are identical, m  n  1, then the
previously ascertained dynamical response for NiS22xSex
[5] would constrain z to lie between 4 and 5. The present
analysis of electric field scaling at the pressure-tuned
metal-insulator transition establishes directly that the
dynamical critical exponent z has a value between 2 and
3, with a best fit value more than 4 standard deviations
below z  4. Combining the results from temperature
and electric field excursions about the Mott-Hubbard
critical point, zn  4.6 6 0.4 and z  2.710.320.4, yields a
static critical exponent n  1.710.320.2. Dynamical scaling
of the full body of data, sT ,P,E, is consistent with
these values of the static and dynamical critical exponents,
but with negligible overlap between data sets at different
pressures.
We are now able to address the questions posed in the in-
troduction about the T  0 metal-insulator transition with
strong correlations: the role played by an external electric
field, the values of the static and dynamical exponents,
the number of universality classes [16]. As demonstrated
in Figs. 2 and 3, the evolution with P of the non-Ohmic
contribution to sE reflects the presence of the quantum
critical point. The Mott-Hubbard transition and the pure
localization transition differ on this account. Conver-
sion to Teff (Fig. 4) permits an independent fix on z,
with the corollary that Wegner scaling m  n  1,
derived for noninteracting electrons, is violated here. The
large effective dimensionality of the NiS22xSex system,
d 1 z . 5, makes violations of hyperscaling less
surprising [17], but does indicate that measuring the con-
ductivity exponent alone at any continuous metal-insulator
transition will not suffice to peg n with confidence. Unre-
solved is the issue of universality: Are z  2.710.320.4 and
n  1.710.320.2 common values for all T  0 Mott-Hubbard
transitions, or specific to the compound at hand? Effec-
tively continuous and practicably tuned metal-insulator
transitions in other highly correlated materials must still
be identified to proceed on this line of inquiry.
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